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Soil health assessment of farmers’ fields in watershed villages in Medak district, Andhra
Pradesh, India showed widespread deficiencies of sulfur (S), boron (B), and zinc (Zn)
in addition to organic carbon and phosphorus (P). Participatory on-farm trials on soil
test-based application of deficient Zn, B, and S along with nitrogen (N) and P during
2009 to 2012 significantly increased crop yields over farmers’ practice (FP)—by 31%
to 45% in chickpea, 15% to 16% in cotton, 12% to 15% in paddy, and 8% to 9% in
sugarcane. Total soluble sugars in sugarcane under balanced nutrition (BN) increased
by 13%. Residual benefits of S, B, and Zn were observed in succeeding chilly crop (12%
higher yield). Benefit to cost (B:C) ratios of BN ranged between 2.8 to 8.5 in chickpea,
2.6 to 4.4 in cotton, 2.3 to 2.9 in paddy, and 7.1 to 11.4 in sugarcane, indicating
economic feasibility for scaling-up.
Keywords Balanced nutrition, boron, crop productivity, soil health, sulfur, zinc
Introduction
Studies have indicated large yield gaps (two- to fivefold) between farmers’ practice (FP)
and achievable potential yields in rain-fed agriculture in India and different developing
countries in Asia and Africa (Rockstrom et al. 2007, 2010; Wani et al. 2011, 2012). The
productivity of crops in these areas is comparatively very low as compared to those in irri-
gated agriculture. Low crop yields on farmers’ fields are largely attributed to low resource
(water and nutrients) use efficiencies due to inappropriate management practices adopted
by the farmers (Wani et al. 2009). The soils of semi-arid tropics (SAT) are generally
marginal with low inherent fertility and further degradation due to inappropriate manage-
ment, thus posing difficulty in combating soil fertility related degradation, and increasing
productivity. In Indian SAT, the deficiencies of major nutrients, especially nitrogen (N)
and phosphorus (P) are considered important for the SAT soils (El-Swaify et al. 1985) and
hence little research effort has been devoted to determine the role of secondary nutrients
such as S and micronutrients in crop production and productivity. Globally, sulfur (S) and
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2 S. R. Chennamaneni et al.
micronutrient deficiencies have been reported with increasing frequency, especially from
intensive, irrigated agricultural production systems; and Indian agriculture is no exception
(Takkar et al. 1989; Pasricha and Fox 1993; Scherer 2001; Fageria et al. 2002; Katyal and
Rattan 2003). In India, micronutrient deficiencies have been reported as one of the main
causes for yield plateau or even yield decline, especially in irrigated intensified systems
(Takkar et al. 1989; Takkar 1996).
While soil and plant testing for diagnostic purposes have been more frequently
employed in intensive, irrigated systems, and micronutrient deficiencies have been reported
with increasing frequencies (Takkar 1996), little attention, however, has been paid to diag-
nose the deficiencies of S and micronutrients in the fields under dryland farming in the
SAT regions of India. In the SAT regions, productivity increase and sustainability can
be achieved when holistic approach for the soil and water conservation measures are
implemented along with nutrient management, and choice of crops and their management
options (Wani et al. 2003, 2012).
Based on this strategy, experience from Andhra Pradesh Rural Livelihood Program
(APRLP) revealed that the extent of micronutrient deficiencies particularly zinc (Zn) and
boron (B) along with S were widespread and large scale yield benefits were recorded with
the application of these nutrients along with N and P (Rego et al. 2007). Analyses of
1617 soil samples collected from farmers’ fields in 14 districts of SAT India showed that
most of the soil samples were low to medium in organic carbon (C) content, Zn deficiency
ranged from 2 to 100%, B deficiency ranged from 0 to 100% and S deficiency ranged from
40 to 100% across the districts. and significant yield responses were recorded with the
application of Zn, B, and S (Srinivasarao et al. 2008).
In this context, it was hypothesized that in four benchmark villages (Fasalwadi,
Shivampet, Chakriyal, and Venkatakishtapur) within a watershed in Medak district,
Andhra Pradesh, the on-farm productivity can be improved through soil test-based nutri-
ent management to showcase an example for the farmers of the region. The on-going
farmer-participatory integrated watershed management program in four villages provided
the opportunity to implement nutrient management along with soil and water conservation
practices in farmers’ fields in the Indian SAT. This paper presents the results of farmer
participatory on-farm research cum demonstration trials conducted under “ICRISAT-SAB
Miller India project on improved livelihoods through community water resources man-
agement in community watersheds” from 2009 to 2012 in farmers’ fields that showed
widespread deficiency of S, B, and Zn in four villages in Medak district of Andhra Pradesh,
India, and on-farm responses of field crops to the application of these plant nutrients.
Materials and Methods
Watershed Villages and Site Description
The community water resources management initiative was started during 2009 with an
objective to improve agricultural productivity and livelihoods in selected four villages in
Madak district in Andhra Pradesh, India. These villages namely Fasalvadi (Latitude 17◦
38′ 24.9′′ and Longitude 078◦ 07′ 26.7′′) in Sanga Reddy mandal and Venkatakishtapur
(Latitude 17◦ 41′ 09.3′′ and Longitude 078◦ 07′ 05.1′′), Shivampet (Latitude 17◦ 40′ 20.5′′
and Longitude 078◦ 06′ 16.9′′), and Chakriyal (Latitude 17◦ 40′ 37.6′′ and Longitude 078◦
05′ 29.2′′) in Pulkal mandal are located at about 10-15 km distance from Sangareddy town,
headquarter of Medak district and fall under semi-arid agro-ecological southern region
of India. Four villages together have a total area of 3313 ha with 1880 ha under rainfed
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Farmers’ Participatory On-Farm Research 3
and 1035 ha under irrigation. Number of households are 2526 with total population of
12940. The number of farmers cultivating arable land varies across the villages. Area of
arable land in the villages range from 300-1000 ha. The farm holding size within a village
also varies (from about 0.5 to >5 ha). However, farmers in the four villages are primarily
dependent on agriculture for their livelihoods. The area receives an average annual rainfall
of 800 mm. The villages are characterized by undulating topography with an average slope
of about 2.5%. Soils are predominantly Vertisols with medium to high (150-200 mm) water
holding capacities. In general, the soils are low in fertility because of imbalanced use of
plant nutrient inputs through external sources and very low inputs of organic matter over
the years.
Soil Sampling and Soil Analysis
Soil samples were collected from farmers’ fields following a stratified random sampling
methodology (Sahrawat et al. 2008). As a first step, a rapid rural appraisal was conducted
during first week of June 2009 in the watershed villages. For soil sampling, we divided
watershed into three groups based on the position of the fields on a topo-sequence - top,
middle, and bottom, depending on the elevation and drainage pattern. Different soil types
were separated in each category. The farmers were grouped into large (>5 ha), medium
(2 to 5 ha), and small holders (< 2.0 ha) in each village based on farmers’ informa-
tion. Farmers’ fields were selected randomly from each topo-sequence in the proportion
as needed to represent the farm size, crops, and soil type. In each selected farmer’s field,
8 to 10 cores of surface (0–15 cm depth) soil samples were collected by the trained farm-
ers themselves from different positions, mixed, and sub-sampled to form a composite soil
sample from a field. Composite soil samples were collected from Fasalvadi (20 numbers),
Shivampet (23), Chakriyal (19), and Venkatakishtapur (15) watershed villages. The soil
samples were processed – air-dried and powdered with wooden hammer to pass through
a 2 mm sieve. For organic C, the soil samples were finely powdered to pass through a
0.25 mm sieve. Prepared soil samples were analyzed in the International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT) analytical services laboratory. Soil pH was
measured by a glass electrode using a soil to water ratio of 1:2; electrical conductivity
(EC) was determined by an EC meter using a soil to water ratio of 1:2. Organic C was
determined using the Walkley-Black method (Nelson and Sommers 1996). Exchangeable
potassium (K) was determined using the ammonium acetate method (Helmke and Sparks
1996). Available S was measured using 0.15% calcium chloride (CaCl2) as an extractant
(Tabatabai 1996); available P was measured using the sodium bicarbonate (NaHCO3) test
(Olsen and Sommers 1982). Available Zn was extracted by diethylene triamine penta acetic
acid (DTPA) reagent (Lindsay and Norvell 1978) and available B was extracted with hot
water (Keren 1996). The critical limits in the soil used for separating deficient fields from
non-deficient were 0.5% for organic C, 5 mg kg−1 for P, 50 mg kg−1 for K, 10 mg kg−1
for S, 0.58 mg kg−1 for B, and 0.75 mg kg−1 for Zn. Soil samples lower than the critical
limits were characterized as deficient in a particular nutrient (Sahrawat 2002).
On-Farm Trials
For crop response to soil test-based balanced fertilizer application studies, farmer
participatory research trials cum demonstrations were conducted (Table 1) in watershed
villages during 2009–2012. Each trial was conducted in 0.4 ha area with two treatments,
each in 0.2 ha. The treatments comprised of – (1) Control based on farmers’ nutrient inputs
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4 S. R. Chennamaneni et al.
Table 1
Detail of farmers’ participatory research cum demonstration trials conducted in
benchmark watershed in Medak district, Andhra Pradesh, India during 2009 to 2012
2009–10 2010–11 2011–12
Village Chickpea Chickpea Cotton Paddy Sugarcane Cotton Paddy Sugarcane
Fasalvadi 3 3 3 4 5 3 6 6
Shivampet 3 3 − − − − − −
Venkatakishtapur 3 − − − − − − −
Chakriyal − − − − − − 4 −
Total 9 6 3 4 5 3 10 6
mainly N and P (termed as farmers’ practice, FP) and (2) FP plus application of nutrient
amendments of 50 kg ha−1 zinc sulfate (10 kg Zn ha−1), 2.5 kg ha−1 agribor (0.5 kg
B ha−1), and 200 kg ha−1 gypsum (30 kg S ha−1) (termed as balanced nutrition; BN).
These nutrients were broadcasted uniformly on the plot before final land preparation. In all
on-farm trials, farmers chose the crop and variety to be grown on their fields; however, sim-
ilar crop management and cultural practices were followed at the field level across farmers
and sites. Cost of 200 kg gypsum, 50 kg zinc sulfate, and 2.5 kg agribor together was ` 2250
(US$ 41.7)∗ during 2009 and 2010, and ` 2500 (US$ 46.3) during 2011. Farm gate price
of chickpea was ` 23000 (US$ 425.9) t−1 during 2009-10 and 2010–11, sugarcane was `
2100 (US$ 38.9) t−1 during 2010–11 and 2011–12, paddy was ` 9000 (US$ 166.7) t−1 dur-
ing 2010–11 and 2011–12, and cotton was ` 40000 (US$ 740.7) t−1 during 2010–11 and `
32000 (US$ 592.6) t−1 during 2011–12. In Shivampet village, the residual effects of sul-
fur and micronutrients applied during post rainy 2009–10 were also evaluated on rainy
2010–11 season chilly crop.
The project area received 578.4 mm rainfall during rainy season from June to October
2009 and 66.6 mm rainfall during post rainy season from November 2009 to January 2010.
Amount of rainfall from June to October 2010 during rainy season was 1000.6 mm and
from November 2010 to January 2011 during post rainy season was 14.0 mm. Rainfall
during rainy season from June to October 2011 was 541.4 mm, whereas during the post
rainy season from November 2011 to January 2012 it was 14.4 mm.
At maturity, crop yields were estimated from three representative spots in each treat-
ment. For each spot, harvested area was 9 m2. Thus in each trial, crop plants covering a
total area of about 27 m2 was harvested and the harvested plants were pooled. Economic
parts of the plants were separated from the vegetative parts and weighed separately. Sub-
samples weights were recorded and brought them to ICRISAT center at Patancheru (India)
for further processing. The sub-samples were dried at 60 ◦C for 48 hours and dry weights
of grain and straw samples were recorded to interpolate yields to t ha−1. The data was
subjected to statistical analysis using the Genstat 7th edition package (VSN International,
Oxford, UK) (Ireland 2010).
Crop Quality and Post-Harvest Soil Health Analysis
During the year 2010–11, the sugarcane samples were collected to determine the effects of
balanced nutrient management on total soluble sugar content. To study the effects on soil
∗ 1 US$ = `54.
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Farmers’ Participatory On-Farm Research 5
health and sustainability, post-harvest surface (0 to 0.15 m) soil samples were also collected
from under the FP and balanced nutrient management treatments. In each treatment, the
soil samples were collected from 4 to 5 spots and mixed together to make a composite
sample for analysis.
Results and Discussion
Fertility Status of Farmers’ Fields
A summary of the chemical analysis of soil samples from farmers’ fields in four villages
in a benchmark watershed of Medak district in Andhra Pradesh, India during 2009 showed
that the fields had a wide range of pH (6.3 to 8.5) and EC (0.1 to 4.1 dS m−1) (Table 2).
Soils were low in organic C (0.19% to 1.13%), low to medium in Olsen-P, and generally
adequate in exchangeable K. The low levels of soil organic C (and thereby N) is not entirely
surprising as the production systems are based on little or no inputs of organic matter to
the soils (El-Swaify et al. 1985; Rego et al. 2003). Soil analysis results indicated that soil
organic C content was low in most fields in three villages and percent deficiency of sam-
ples ranged from 67% to 83%; while in Chakriyal village the deficiency was in 47% fields
and still majority fields were on sufficient side. Available P in the fields was not critically
deficient in the villages and percent deficiency of samples ranged from 5 to 35%; and thus
majority fields had sufficient P to reduce use and cost of phosphatic fertilizers by just hav-
ing a maintenance dose. Similarly, K was not a problem in any field and thus indicated
scope to also reduce use and cost of potash fertilizers. However, the most revealing results
on soil chemical analysis are the levels of available S, B, and Zn in the samples. Available
S was low in majority fields in Fasalvadi and Shivampet villages and percent deficiency of
samples ranged from 50% to 74%. Available B was critically deficient in most fields (70%
to 80%) in three villages except Chakriyal village, whereas available Zn was deficient in
most fields (55 to 83%) in all the villages (Table 2). Results of soil samples analysis for
chemical fertility parameters thus indicated a wide spread deficiency of S, B, and Zn in
farmers’ fields in the Medak, Andhra Pradesh. The extensive Zn, B, and S deficiencies are
probably due to poor organic C status of soils (Srinivasarao et al. 2006) and continuous
cropping without S, B and Zn application, exhausting these plant nutrients from the SAT
soils (Rego et al. 2007; Wani et al. 2013). The extent of deficiency of S, B, and Zn, as
revealed by soil testing, are comparable to those reported from well endowed and inten-
sive, irrigated production systems (Takkar et al. 1989; Takkar 1996; Srinivasarao et al.
2008).
Response of Crops to Applied Nutrients
The Zn, B, and S application along with N, P under BN over the FP (only N and P)
showed significant increased yield responses in all the crops across the watershed vil-
lages (Tables 3 and 4). The BN treatment yielded 45% more grain yield in chickpea crop
across the watershed during post-rainy season 2009–10, and 31% during post-rainy sea-
son 2010–11. The yield increase was relatively less during 2010–11 probably due to less
amount of rainfall from November 2010 to January 2011 (14.0 mm) as compared to the
previous post-rainy season (66.6 mm) (Table 3).
The BN treatment yielded 16% more cotton yield during the rainy season 2010–11 and
15% during the rainy season 2011–12. In paddy crop, the BN treatment yielded 14% more
grain yield during the rainy season 2010–11 and 15% during the rainy season 2011–12 in
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Fasalvadi village; where as in Chakriyal, grain yield increase was 12% over FP during
the rainy season 2011–12. The BN treatment yielded 9% more cane yield during the year
2010–11 and 8% during the year 2011–12 (Table 4).
Our results clearly demonstrated significant yield responses of different rainfed as
well as irrigated crops to application of Zn, B, and S under BN over the FP. The crop
responses to applied nutrients greatly vary with seasonal rainfall and its distribution during
the cropping season (El-Swaify et al. 1985). The responses of crops to the application
of Zn, B, and S varied across crops; the crop yields responses are significant and are of
similar magnitude to those reported for field crops under irrigated agriculture (Takkar 1996;
Scherer 2001; Fageria et al. 2002; Katyal and Rattan 2003) and rainfed agriculture also
(Rego et al. 2007; Srinivasarao et al. 2008). The deficiencies of Zn, B, and S clearly assume
critical importance for increasing and sustaining crop productivity of rainfed systems in the
Indian SAT. Results from on-farm trials conducted during 2009-2012 in the villages clearly
demonstrated that under rainfed as well as irrigated conditions, the application of Zn, B,
and S is essential to increase the productivity.
Benefits of Zn, B, and S Application
Economics of Zn, B, and S application was calculated for all the crops by considering the
cost of additional inputs used, additional income generated due to yield enhancement, and
benefit cost (B:C) ratio for each rupee of additional investment made. In case of chickpea,
the additional income due to the adoption of soil test-based fertilizer application ranged
between ` 9430 (US$ 174.6) to ` 19090 (US$ 353.5) during 2009-10, and between ` 6210
(US$ 115.0) to ` 8280 (US$ 153.3) during 2010–11. The returns to per rupee invested
were quite high as evident from B:C ratios of 4.2 to 8.5:1 during 2009–10 and 2.8 to
3.7:1 during 2010–11(Table 3). The B:C ratio of cotton crop was 4.4:1 with the additional
income of ` 10000 (US$ 185.2) during the rainy season 2010–11, whereas the B:C ratio was
2.6:1 with the additional income of ` 6400 (US$ 118.5) during the rainy season 2011–12.
Similarly, the B:C ratio for paddy grain yield was 2.7:1 with the additional income of `
6030 (US$ 111.7) during the rainy season 2010–11, where as the B:C ratio of paddy grain
yield ranged from 2.3 to 2.9:1 with the additional income in the range of ` 5670 (US$
105.0) to ` 7200 (US$ 133.3) during the rainy season 2011–12. The B:C ratio of sugarcane
was 11.4:1 with the additional income of ` 25620 (US$ 474.4) during the year 2010–11,
where as the additional income from sugarcane crop was ` 17850 (US$ 330.6) with the
B:C ratio of 7.1:1 during the year 2011–12 (Table 4). Significant increase in additional
income due to small additional investment made in balanced nutrition and favorable B:C
ratios indicate that application of Zn, B, and S were economical and this practice can be
recommended for large scale adoption where Zn, B, and S are deficient. Similar B: C ratios
were also reported with the application of secondary and micronutrients on soils deficient
in these nutrients (Sakal et al. 1996; Srinivasarao et al. 2008; Chander et al. 2012, 2013).
Residual Effects of Zn, B, and S
Farmers are diversifying their field crops with high-value crops like chilly and vegetables
to improve their livelihoods and incomes. After seeing the response of chickpea crop to soil
test-based balanced fertilizers application during post-rainy season 2009–10, two farmers
in Shivampet village planted rain-fed chilly crop in the same fields and observed positive
yield response due to the residual effect of gypsum, zinc sulfate and agribor during the
rainy season 2010. On average, farmers harvested 6.5 t ha−1 of red chilly on dry weight
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Figure 1. Residual effects of Zn, B and S application on chilly crop in Shivampet village in Medak
district, Andhra Pradesh, India during 2010–11.
basis from the plots with the residual effect of Zn, B, and S and 5.8 t ha−1 from the plots
where FP was adopted (Figure 1). The residual effect of Zn, B, and S yielded 12% more
dry chillies yield during the year as compared to FP.
Earlier studies have also reported that besides direct effects of these nutrients, there
was considerable residual effect on succeeding crops (Srinivasarao et al. 2008; Chander
et al. 2013). Results emphasize the need for better management strategies to utilize residual
effects more efficiently under farmers’ conditions. Thus, the present results show that for
sustained increase in productivity, the agricultural crops should be fertilized with Zn, B,
and S along with N and P.
Produce Quality
The application of nutrients based on soil test-based results by including S, B, and Zn
not only benefited crop productivity, but crop quality also. Total soluble sugars (%)
in sugarcane juice increased by 13% under balanced nutrition as compared with the
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Figure 2. Effects of farmers’ practice and balanced nutrition treatments on total soluble sugars in
sugarcane in Fasalvadi village in Medak district, Andhra Pradesh, India during 2010–11.
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FP (Figure 2). The increased sugar content under balanced nutrition is likely due to
applied Zn and B. Zinc is structural component of enzymes regulating carbohydrate
metabolism (Robson 1993), while B is reported to control different reactions in carbo-
hydrate metabolism such as α-amylase, glucose 6-phosphate dehydrogenase, β-amylase
and reactions of uridine diphosphate glucose (UDGP)-synthesis (Goldbach 1997). There
is evidence that applied Zn and B tend to increase cane sugar content (Singh et al. 2002;
Pawar et al. 2003).
Post-Harvest Soil Health Analysis
Post-harvest soil analysis in paddy, chickpea and sugarcane fields during 2010–11 showed
in general better soil health in terms of plant nutrient contents under the balanced nutrient
management treatment as compared with the FP (Table 5). Soil organic C, an indicator of
general soil health, tended to increase under the balanced nutrient management practice.
Better root growth and more shoot biomass addition under the balanced nutrient manage-
ment apparently accounted for higher soil organic C. The available contents of nutrients
like P, S, Zn, and B under the balanced nutrition were either at par or higher than that
under the FP. A positive relationship between soil organic C and available P (Wani et al.
2003) implies the role of increased organic matter in enhancing soil P in legume-based
systems. Higher contents of S, B, and Zn in balanced nutrition plots are on expected lines
due to their addition under soil test-based fertilizer management strategy. Even in the plots
where chilly crop was taken on residual S, B and Zn the next season, the soil available
contents of organic C, P, S, B, and Zn were higher than those in the plots where FP was
followed (Table 5). The results proved precisely that the soil test-based balanced nutrition
is the way forward to sustainably intensify food production through maintenance of soil
productivity.
Conclusions
Soil analysis results clearly demonstrated the widespread deficiencies of S, B, and Zn in
addition to the well-known deficiencies of N and P in the SAT soils, and hence observed
response of crops to the application of these nutrients.
Soil test-based balanced fertilizers application trials clearly demonstrated that the defi-
ciencies of S, B, and Zn assume critical importance for increasing and sustaining crop
productivity of the rain-fed as well as irrigated crops in the Indian SAT. On average,
chickpea grain yield was increased by 38% with a mean B:C ratio of 4.6, cotton yield
was increased by 16% with B: C ratio of 3.5, paddy grain yield was increased by 14%
with B:C ratio of 2.6, and sugarcane yield was increased by 9% with a mean B:C ratio of
9.3. Residual effect of these nutrients was observed in succeeding season on chilly crop as
12% yield increase in addition to direct benefit in previous crop. In addition to increased
yields and B:C ratios, total soluble sugars in sugarcane increased by 13% under balanced
nutrition as compared with the FP.
Post-harvest soil analysis in paddy, chickpea, and sugarcane crops showed in general
better soil health under the balanced nutrient management treatment as compared with the
FP. These results clearly demonstrated that for sustained increase in productivity, produce
quality and better soil health, SAT soils need applications of not only major nutrients such
as N and P, but also nutrients such as S, B, and Zn.
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